Abstract. Papillary thyroid carcinoma (PTC), the most common histological subtype of thyroid cancer, accounts for between 80 and 90% of all thyroid cancer cases. Previous studies have suggested that microRNAs (miRNAs/miRs) are involved in the development of PTC. The aim of the present study was to investigate whether miR-144 inhibits cellular proliferation in PTC. The expression of miR-144 was detected in PTC and corresponding adjacent non-cancerous tissues, and in the PTC cell line IHH4, using reverse transcription-quantitative polymerase chain reaction. Associations between miR-144 expression levels and the clinicopathological characteristics were analyzed. Receiver operating characteristic (ROC) curves were used to assess the diagnostic value of miR-144 expression, and the potential function of miR-144 was investigated in IHH4 cells using a Cell Counting Kit-8 and colony formation assays.
Introduction
Thyroid cancer is the most common type of endocrine malignancy (1). The incidence of thyroid cancer has been increasing rapidly globally. For example, in the United States of America, thyroid cancer incidence rates have increased by 211% between 1975 and 2013 (2, 3) . This incidence of thyroid cancer is increasing, primarily due to a rise in the incidence of papillary thyroid carcinoma (PTC), which accounts for between 80 and 90% of all thyroid malignancies (4, 5) . Although the prognosis of patients with PTC is favorable, with 10-and 15-year survival rates of >91 and >87%, respectively (6, 7) , lymph node metastasis in the neck is observed in between 20 and 90% of all patients (8, 9) . Recurrence is observed in between 5 and 20% of patients who undergo a total thyroidectomy (10, 11) . Therefore, investigations into understanding the underlying molecular mechanisms of PTC are urgently required, in order to develop effective diagnosis and therapeutic strategies to improve patient prognosis.
MicroRNAs (miRNAs/miRs) are noncoding single stranded RNAs that regulate gene expression at the post-transcriptional level (12) . A previous study identified that miRNAs serve important functions in tumorigenesis and may be applied as biomarkers in a variety of cancer types (13) . miR-144 has been demonstrated to be downregulated and accompanied by suppressed proliferation and invasion in non-small cell lung cancer, breast cancer, hepatocellular carcinoma, prostate cancer, bladder cancer and laryngeal squamous cell carcinoma (14) (15) (16) (17) (18) . The results of the present study further support these observations, as miR-144 was identified to be significantly downregulated in PTC tissues and cell lines. Low expression of miR-144 was associated with increased tumor sizes in PTC via reverse transcription-quantitative polymerase chain reaction (RT-qPCR), and the ectopic expression of miR-144 significantly suppressed the proliferation of IHH4 cells. WW domain-containing transcription regulator 1 (WWTR1) was overexpressed in PTC tissues and associated with proliferation and invasion. Furthermore, WWTR1 was identified as a target of miR-144.
Materials and methods
Human tissue samples. PTC and adjacent non-cancerous tissues were collected from 63 patients (25 male, 38 female) who underwent thyroid cancer resection surgery at the First Hospital of China Medical University (Shenyang, China) between September 2009 and January 2015. Patient characteristics are presented in Table I . All specimens were frozen in liquid nitrogen immediately and stored at -80˚C until use. A diagnosis of PTC was histologically confirmed at the First Hospital of China Medical University. The inclusion criteria were as follows: i) All patients had received primary surgery; ii) PTC was pathologically confirmed intraoperatively or postoperatively; and iii) none of the patients recruited in the present study had undergone prior oncological surgery or head and neck irradiation. The present study was approved by the Ethics Committee of the First Hospital of China Medical University and written informed consent was obtained from all study participants.
Cells culture and transfection. Nthy-ori 3-1 normal human thyroid follicular epithelial cells were obtained from The European Collection of Authenticated Cell Cultures (Salisbury, UK); IHH4 cells were obtained from the Health Science Research Resources Bank (Osaka, Japan). The Nthy-ori 3-1 cells were maintained in RPMI-1640 (Hyclone, GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The IHH4 cells were maintained in a 1:1 mixture of RPMI-1640 and Dulbecco's modified Eagle's medium supplemented with 10% FBS at 37˚C, in a humidified atmosphere with 5% CO 2 . The miR-144 mimic and negative control (NC) were purchased from GenePharma Co., Ltd. (Suzhou, China). The sequences of the miR-144 mimics were as follows: Sense (S); 5'-UAC AGU AUA GAU GAU GUA CU-3' and antisense (AS); 5'-UAC AUC AUC UAU ACU GUA UU-3'. The sequences of the negative control (NC) were: S; 5'-UUC UCC GAA CGU GUC ACG UTT-3' and AS; 5'-ACG UGA CAC GUU CGG AGA ATT-3'. The pcDNA-WWTR1 and the pcDNA empty vector were purchased from Shanghai GeneChem, Inc. (Shanghai, China). IHH4 cells were transfected using Lipofectamine Western blotting. Proteins were extracted from IHH4 cells, as well as PTC and adjacent normal tissue samples from 15 patients (6 male, 9 female), using a Total Protein Extraction kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). Ten patients were <45 years old, 5 patients were >45 years old. These 15 patients were selected based on identical inclusion criteria to the aforementioned 63 patients. A separate study population was used as the processing performed on the other tissue samples may have made protein expression difficult to detect. Protein extracts were quantified with a BCA protein assay (Beyotime Institute of Biotechnology, Haimen, China). Proteins (20-30 µg/lane) were separated by 10% SDS-PAGE and then electrophoretically transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% non-fat milk in Tris-buffered saline for 2 h at room temperature, and then incubated with primary antibodies against rabbit anti-WWTR1 (1:1,000; cat. no; 23306-1-AP; ProteinTech Group, Inc., Chicago, IL, USA) and rabbit anti-GAPDH (1:1,000; cat. no; 10494-1-AP; ProteinTech Group, Inc.) overnight at 4˚C. Following incubation with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (1:10,000 dilution; cat. no; 7074; Cell Signaling Technology, Inc., Danvers, MA, USA) for 2 h at room temperature, the protein bands were visualized by chemiluminescence (SuperSignal @ West Pico Chemiluminescent Substrate, Thermo Fisher Scientific, Inc.) and quantified by Image J (version no. 1.43, National Institutes of Health, Bethesda, MD, USA).
Total RNA isolation and RT-qPCR. Total RNA, including miRNA, was extracted from the frozen PTC and adjacent non-cancerous tissue specimens collected from 63 patients, as well as from Nthy-ori 3-1 and IHH4 cell lines, using RNAiso (Takara Biotechnology Co., Ltd., Dalian, China). The RR716 Reverse Transcription kit (Takara Biotechnology Co., Ltd.) was used to reverse transcribe RNA into cDNA and the temperature protocol for reverse transcription was 37˚C for 60 min, and then 85˚C for 5 sec. RT-qPCR was performed using SYBR ® Premix Ex Taq™ II (Takara Biotechnology Co., Ltd.) on a LightCycler 480 system (Roche Diagnostics, Indianapolis, IN, USA). The thermocycling conditions included an initial denaturation step at 95˚C for 30 sec, denaturation at 95˚C for 5 sec and annealing at 60˚C for 30 sec for 40 cycles, dissociation stage at 95˚C for 60 sec, 55˚C for 1 min, 95˚C for 30 sec. All primers were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The miR-144 primer sequences were as follows: forward, 5'-CGG CGG TAC AGT ATA GAT GAT G-3'. The reverse primer of miR-144 was supplied as part of the RR716 Reverse Transcription kit. The U6 primer sequences were as follows: Forward, 5'-CTC GCT TCG GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'. The endogenous control for normalization of the input RNA was U6. The double-standard curves method was used to analyze the relative expression of miR-144 (19) .
Cellular proliferation assay. Cellular proliferation was assessed using the Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan). IHH4 cells (3x10 3 cells/well) were seeded into a 96-well plate at a final volume of 100 µl and then transfected with miR-144 mimics, negative control (NC) and pcDNA-WWTR1, as aforementioned. The samples were detected at 0, 24, 48 and 72 h following gene transfection. CCK-8 solution (10 µl) was added into each well and incubated for 3 h at 37˚C. Absorbance was measured at 450 nm to calculate the number of viable cells.
Colony formation assays. For the colony formation assay, IHH4 cells transfected with miR-144 mimic and NC were seeded into 6-well plates at 5x10 2 /well and cultured for 2 weeks at 37˚C, in a humidified atmosphere with 5% CO 2 . Colonies were washed with PBS, fixed in 4% methanol for 20 min at room temperature and stained with 0.5% crystal violet for 20 min at room temperature. The number of colonies (>50 cells/colony) was counted (original magnification, x40; Leica Microsystems, Wetzlar, Germany). The images were captured using a digital camera (Nikon D5300; Nikon, Toyko, Japan).
Bioinformatics analysis. The following software programs were used for the prediction of putative miR-144 targets: TargetScan (www.targetscan.org, version no. 6.0-6.2) and miRWalk (http://zmf.umm.uni-heidelberg.de/apps/zmf/ mirwalk/index.html). The date of access was June 2014.
Statistical analysis. SPSS software (version 13.0; SPSS, Inc., Chicago, IL, USA) was applied to perform statistical analyses. Data are presented as the mean ± standard deviation, obtained from at least three independent experiments. The χ 2 test was applied to assess the association between miR-144 expression and the clinicopathological characteristics. A paired Student's t-test was used to assess inter-group comparisons. Two receiver operating characteristic curves (ROCs) were established to evaluate the diagnostic value of miR-144 for benign or malignant status, and larger tumors (≥2 cm). Youden's index was used to calculate the threshold value to predict benign or malignant status, and larger tumors (≥2 cm). P<0.05 was considered to indicate a statistically significant difference.
Results

miR-144 was downregulated in human PTC tissues and cell line.
The expression of miR-144 in PTC tissues and matched non-cancerous tissues from 63 patients were investigated using RT-qPCR. The results demonstrated that miR-144 was significantly downregulated in PTC tissues compared with in the adjacent non-cancerous tissues (P<0.01; Fig. 1A ). The expression of miR-144 in the IHH4 PTC cell line was decreased compared with in the normal human Nthy-ori 3-1 thyroid follicular epithelial cell line (P<0.01; Fig. 1B) . The median fold-change value of miR-144 between PTC tissues and the adjacent non-cancerous tissues was 0.28, which was then used as a threshold value to separate the results into two groups: High miR-144 expression group (≥0.28; n=31); low miR-144 expression group (<0.28; n=32). The downregulation of miR-144 was associated with larger tumor sizes when the threshold value for tumor sizes was 2 cm (P<0.001), whereas no significant difference was observed between miR-144 expression level and patient age, extrathyroidal extension, TNM stage, lymph node metastasis or multicentricity (Table I) . Patients were staged according to the TNM staging system (7th edition) of the American Joint Committee on Cancer (20) .
Diagnostic value of miR-144. The diagnostic value of miR-144 was also investigated. ROCs curves were applied to evaluate whether miR-144 may serve as a biomarker to predict benign or malignant status. The area under the curve (AUC) was 0.743 [95% confidence interval (CI), 0.657-0.829; P<0.001], suggesting that miR-144 may be applied as a potential biomarker for PTC (Fig. 2A) . The sensitivity was 58.7%, and the specificity was 87.3% when the threshold value was 0.63. The threshold values for predicting benign or malignant status refer to the relative expression in PTC tissues and the adjacent non-cancerous tissues, investigated by RT-qPCR. In addition, miR-144 was revealed to be a potential diagnostic biomarker for whether the tumor size is ≥2 cm (Fig. 2B) . The AUC was 0.779 (95% CI, 0.661-0.896; P<0.001). The sensitivity was 79.2%, and the specificity was 69.2% when the threshold value was 0.28. The threshold values for predicting whether the tumor sizes ≥2 cm refer to the fold-change between the PTC tissues and the adjacent non-cancerous tissues, determined by RT-qPCR.
miR-144 inhibited proliferation in a PTC cell line.
To further evaluate the function of miR-144 on PTC development, miR-144 was overexpressed in IHH4 cells using miR-144 mimics and a CCK-8 assay was used to determine its effects on cellular proliferation. The overexpression of miR-144 in IHH4 cells resulted in a significant decrease in cellular proliferation when compared with the NC group (P<0.01; Fig. 3A ). Furthermore, a colony formation assay was conducted to provide further evidence of the effect on the proliferation of IHH4 cells (Fig. 3B) . The colony formation assay indicated that miR-144 overexpression significantly inhibited the ability of proliferation in IHH4. These results suggested that miR-144 exhibits a suppressive effect on tumor proliferation in PTC.
WWTR1 is a target of miR-144. TargetScan (www.targetscan. org) and StarBase (starbase.sysu.edu.cn) were used to identify the potential targets of miR-144, and revealed that WWTR1 may be a target of miR-144. Previous studies have identified that the expression of WWTR1 is upregulated in PTC tissues as compared with in the adjacent non-cancerous tissues (21, 22) . The upregulation of WWTR1 was demonstrated to be positively associated with tumor size and lymph node metastasis in PTC (22) . Western blot analysis was used to investigate the expression of WWTR1 in PTC and adjacent normal tissues from 15 patients. The results of the present study indicated that WWTR1 was significantly overexpressed in PTC tissues compared with in the adjacent normal tissues in 13/15 patients (P<0.05; Fig. 4A ). Subsequently, miR-144 and NC were transfected into IHH4 cells and western blot analysis was applied to detect the protein expression of WWTR1. The expression of WWTR1 was significantly decreased in the miR-144-overexpressing groups compared with the NC group (P<0.01; Fig. 4B ).
Overexpression of WWTR1 impairs the miR-144-induced inhibition of proliferation.
A 'rescue' strategy was adopted in order to investigate the functional relevance of WWTR1 targeting by miR-144 in IHH4 cells. pcDNA-WWTR1 was first transfected into IHH4 cells. Then, miR-144 mimics were co-transfected into the cells with pcDNA-WWTR1. CCK-8 was used to evaluate the proliferation of IHH4 cells. As presented in Fig. 5A , western blot analysis was used to analyze the expression of WWTR1 in the WWTR1+miR-144, NC and miR-144 groups. The CCK-8 assay results indicated that pcDNA-WWTR1 significantly increased WWTR1 expression and rescued the inhibition of proliferation in the presence of miR-144 mimics (P<0.01; Fig. 5B ). These results suggested that WWTR1 may be a target of miR-144 in PTC.
Discussion
In the USA, the overall incidence of thyroid cancer increased by 6.6% annually between 2000 and 2009; the highest increase among all types of cancer (23, 24) . Although PTC is a relatively indolent disease compared with hepatocellular carcinoma and gastric cancer, with low mortality, lymph node metastasis and recurrence frequently occur, leading to a poor prognosis. Therefore, the development of novel strategies for the diagnosis and treatment of PTC is urgently required (7) . miRNAs regulate the expression efficiency and stability of mRNAs at the post-transcriptional level by primarily binding to the 3'-untranslated region of target mRNAs, leading to mRNA degradation or translation inhibition (25, 26) . Increasing evidence has demonstrated the function of miRNAs in the development of PTC. An miRNA-chromatin immunoprecipitation microarray assay revealed a set of miRNAs that were upregulated in PTC tissues compared with those in normal thyroid tissues, including miR-21, miR-146, miR-221, miR-222, miR-155, miR-181a and miR-181b, whereas miRNAs such as miR-26a-1, miR-219-5p and miR-345 were identified to be downregulated (27, 28) . Unique miRNA profiles have demonstrated potential for the development of cancer biomarkers and novel therapeutics. Decreased miR-144 expression is demonstrated in numerous other types of cancer, acting as a tumor suppressor; for example, by inhibiting TP53-induced glycolysis regulatory phosphatase in lung cancer (16) , inhibiting hepatocellular carcinoma by targeting E2F transcription factor 3 (17) and inhibiting enhancer of zeste homolog 2 in bladder cancer (18) .
In the present study, miR-144 was revealed to inhibit cellular proliferation by targeting WWTR1 in PTC. First, the expression levels of miR-144 in PTC and corresponding adjacent normal tissues were analyzed, and the results indicated that miR-144 was significantly downregulated in PTC tissues compared with the adjacent non-cancerous tissues and was negatively associated with tumor size. miR-144 was also downregulated in PTC cell lines. Secondly, miR-144 demonstrated potential as a biomarker for diagnosing thyroid cancer (sensitivity, 58.7%; specificity, 87.3%). The expression fold-change of miR-144 between PTC tissues and adjacent non-cancerous tissues was a predictive marker for tumor sizes ≥2 cm (sensitivity, 79.2%; specificity, 69.2%). miR-144 may be applied as a biomarker in thyroid cancer, particularly for tumor size. Thirdly, the function of miR-144 was explored in the IHH4 PTC cell line. Cellular proliferation was investigated using a CCK-8 and colony formation assays. The results indicated that miR-144 significantly inhibited the proliferation ability of IHH4 cells. Subsequently, TargetScan and miRWalk were used to analyze miR-144 target genes in PTC.
The transcriptional coactivator WWTR1 was initially identified through its ability to interact with 14-3-3 proteins and is a downstream member of the Hippo pathway (29) . The Hippo pathway regulates cellular proliferation, survival and differentiation in normal tissues and cells. Aberrant activation of WWTR1 is also implicated in a variety of cancer types, including breast cancer, hepatocellular carcinoma and lung cancer (30, 31) . In addition, the overexpression of WWTR1 has been demonstrated in PTC tissues, and is able to confer a proliferation advantage to thyroid cells and to induce the epithelial-to-mesenchymal transition (21, 22) . In the present study, western blot analysis was applied to analyze the expression of WWTR1. WWTR1 was significantly overexpressed in PTC tissues compared with in the adjacent non-cancerous tissues. Subsequently, miR-144 was overexpressed in IHH4 cells, and the WWTR1 protein level was revealed to be significantly decreased in the miR-144 overexpressed group compared with in the NC group. Furthermore, IHH4 cells were co-transfected with pcDNA-WWTR1 and miR-144, and it was demonstrated that the overexpression of WWTR1 was able to 'rescue' the inhibition of proliferation caused by miR-144.
In conclusion, the results of the present study demonstrated that miR-144 was frequently downregulated in PTC and the expression of miR-144 was associated with larger tumor sizes. miR-144 exhibited tumor suppressor activity by inhibiting IHH4 cell proliferation via targeting WWTR1. These results assist in improving understanding of the underlying molecular mechanisms in PTC, as well as providing further avenues to investigate whether miR-144 may be a potential biomarker and therapeutic target for PTC.
